Using portfolio analysis and individual detailed case studies, we studied the energy performance and drivers of energy use in 51 high-performance office buildings in the U.S., Europe, China, and other parts of Asia. Portfolio analyses revealed that actual site energy use intensity (EUI) of the study buildings varied by a factor of as much indicates that a building is energy efficient and suggesting that improvement in the design and operation of HPBs is needed to realize their energy-saving potential. We studied the influence of climate, building size, and building technologies on building energy performance and found that although all are important, none are decisive factors in building energy use. EUIs were widely scattered in all climate zones. There was a trend toward low energy use in small buildings, but the correlation was not absolute; some small HPBs exhibited high energy use, and some large HPBs exhibited low energy use. We were unable to identify a set of efficient technologies that correlated directly to low EUIs. In two case studies, we investigated the influence of occupant behavior as well as operation and maintenance on energy performance and found that both play significant roles in realizing energy savings. We conclude that no single factor determines the actual energy performance of HPBs, and adding multiple efficient technologies does not necessarily improve building energy performance; therefore, an integrated design approach that takes account of climate, technology, occupant behavior, and operations and maintenance practices should be implemented to maximize energy savings in HPBs. These findings are intended to help architects, engineers, operators, and policy makers improve the design and operation of HPBs.
Introduction
Worldwide concern about depletion of non-renewable energy sources and anthropogenic climate change has accelerated in recent years [1, 2] . Energy use in buildings accounts for one-third of the world's total primary energy consumption and contributes significantly to greenhouse gas (GHG) emissions [3] [4] [5] . With growing consciousness of the need to save energy in buildings, high-performance buildings (HPBs) (a.k.a. green, sustainable, or low-energy/low-carbon buildings) have emerged around the world as an important component of efforts to reduce energy use and global GHG emissions [4, 5] .
As HPB initiatives have been extensively implemented by energy-conscious architects, engineers, and governments [6] [7] [8] [9] , a variety of rating systems have been developed to certify the performance of these buildings. These rating systems, such as the U.S. Green Building Council's (USGBC's) Leadership in Energy and Environmental Design (LEED) system [11] and the Three Star rating system in China, assign credits for various indicators [10] and thus directly influence the design of HBPs. These rating systems have also had a stimulating effect on the HPB market. Figure 1 (a) , which is based on data from the USGBC [12] , shows that more than 1,000 LEED-certified buildings are constructed worldwide per year. Figure 1 (b) shows that, in China, the largest construction market in the world, HPBs are enjoying exponential growth. These data indicate the major impact of HPBs on the building industry. Many certified HPBs have already been occupied for a number of years, offering researchers the opportunity to evaluate the buildings' actual performance rather than the simulated results on which ratings and certifications are based [10, [13] [14] [15] [16] [17] [18] [19] . In 2008, the U.S. General Services Administration (GSA) conducted a postoccupancy evaluation to determine the actual performance of their green buildings. Actual energy use, CO2 emissions, water use, and occupant satisfaction were studied in 12 representative GSA green buildings [20, 21] . Results showed that these buildings generally outperformed their conventional peers in these areas.
Although actual energy use is the most reliable indicator of the success of HPBs, all current rating systems for newly constructed HPBs base certification on predicted energy savings that are calculated by simulation tools based on a building's proposed design compared to a baseline design that meets minimum code requirements. However, multiple studies report gaps between designed and actual energy consumption in HPBs, including a 2004 report by the National Renewable Energy Laboratory [17] , 2006 research by Diamond [18] , and 2012 research by the University of California, Santa Barbara [22] . These prior studies indicate that actual energy consumption is the most meaningful metric for evaluating the performance of HPBs.
Turner's 2006 analysis collected information on 11 LEED buildings in the northwestern United States (the cities of Seattle and Portland) and compared their actual energy use, designed energy targets, and baseline energy use [16] . The actual energy use deviates from the simulated performance by more than 20% for all the buildings; and the actual energy use in 40% of the buildings was greater than designed or simulated. The extent of the discrepancy between predicted and actual energy use in these buildings was as high as 2. Likewise, Diamond reviewed actual and simulated energy performance of 21 LEED-certified buildings [18] . Actual energy use of the buildings was, on average, only 1% lower than simulated performance, but large variability (standard deviation of 46%) in the sample set highlighted a remarkable disparity in performance among buildings. This research suggests that there can be a significant inconsistency in performance among HPBs that have the same level of certification.
In 2008, the New Buildings Institute (NBI) analyzed utility billing data for 121 LEED-certified commercial buildings. This study concluded that LEED buildings in the U.S. generally saved 25-30% compared to energy usage in conventional buildings [19] . However, this study has been heavily criticized for its methodology and conclusions. Critics argued that the study's data collection methods were likely to result in biased sampling and that the study's analysis approach resulted in misunderstanding regarding sources of energy consumption and carbon emissions [23, 24] . The study was also criticized for drawing conclusions based on simple comparison of the median EUI of LEED buildings to the mean EUI of all U.S. commercial buildings without any statistical tests. Guy et al. argued that the average trends in the NBI study might be spurious [25] .
Despite the controversy regarding approach and metrics used in the NBI study, there is no question about the value of that analyzing HPB energy performance and it is clear that the large variability among EUIs in HBPs worldwide needs to be studied. And even though the NBI study concluded that LEED-certified buildings are generally saving energy, the NBI analysis results (Figure 2) do not support the conclusion that LEED buildings consistently deliver expected energy savings. Figure 2 , shows that EUIs of NBI study buildings at every certification level are scattered by a factor of up to 4, and buildings with EUIs greater than those of conventional buildings are found throughout all three LEED certification levels (The Gold and Platinum levels are combined in Figure 2 ). Although the average energy consumption of the buildings at each of the three LEED certification levels is lower than the average of commercial buildings in the 2003 Commercial Buildings Energy Consumption Survey (CBECS) database, a significant number of buildings nonetheless consume more site energy than the average for commercial buildings in the CBECS database. In tandem with these results, media reports of buildings that do not live up to their green labels threaten the credibility of HPBs [26] [27] [28] . In sum, although the general or average performance of HPBs might be acceptable, the evidence does not support the conclusion that all high-performance-certified buildings reliably live up to their predicted energy performance or that the current approaches to HPB design and rating dependably result in highly energy-efficient buildings. [19] In light of the research we have summarized, we hypothesize that the underlying driving forces of the diverse performance of HPBs are more important to study than holistic or average performance to determine the improvements needed to guarantee the energy performance of HPBs. Therefore, this study analyzes the energy use of HPBs along with the factors that influence energy use, with the goal of empowering designers to improve the energy performance of HPBs.
It is important to note that all of the abovementioned research was performed on LEED buildings in the U.S. although LEED is only one rating system that happens to have been widely promoted and adopted. Globally, HPBs have been promoted and certified under various rating systems, including the Building Research Establishment Environmental Assessment Methodology (BREEAM) in the UK [29] , the Comprehensive Assessment System for Built Environment Efficiency (CASBEE) in Japan [30] , Deutsche Gesellschaft für Natchhaltiges Bauen (DGNB) in Germany [31] , and Three Star in China [32] . Therefore, ours has a global scope to enable us to learn from HPBs constructed under varying rating systems.
Although energy performance of buildings has been studied extensively using building simulations [33] to identify and understand driving factors [34] , there is significant uncertainty associated with these simulations and their accuracy in predicting actual performance. Therefore, we used portfolio analysis and case studies for our investigation.
The primary goals of the current study are to provide insight into the diverse actual energy performance of HPBs as well as the factors that influence energy consumption in HPBs around the world and to make recommendations for improving building energy performance during design, operation, and retrofit. We set out to address the following important questions about HPBs: 
Methodology
To answer the five questions listed above, we performed portfolio analysis and prepared detailed case studies of the energy use of 51 HPBs around the world.
Building selection
Based on our research goals, we chose our study building by focusing on energy consumption, the presence of energy-related technologies, and other relevant information. All analyses were based on measured wholebuilding energy consumption from at least one year. The performance metric used in this study was site energy use before any on-site renewable energy generation was taken into account. Although it is considered controversial whether site energy consumption can represent a building's essential performance in terms of energy and GHG emissions [23, 24] , engineers and architects commonly think of the energy savings in terms of site energy [35] . Also, it is much easier to compare building performance with site energy use, which can be directly measured and is not affected by how primary or source energy is calculated, which is location dependent. Therefore, to facilitate holistic comparison, we used site EUI, defined as the annual site energy use divided by the gross floor area of the building excluding the garage and basement floor area. The site energy includes the whole building's electricity and gas consumption for a complete year. For buildings with district heating (mostly the China buildings), the heating energy is converted and included in site energy assuming an average heating efficiency during a heating season.
Buildings with different functions tend to exhibit different energy performance; for example, hospitals consume much more energy than other types of buildings because of their heavy process loads, intensive ventilation, and longer operating hours. Therefore, energy portfolio analysis should focus on one building type at a time. Based on the distribution of all the newly constructed HPBs, we chose to focus on office buildings, which dominate in social energy consumption profiles and will likely dominate the construction market in the near future.
Different regions are pursuing the HPB concept in different ways. With our goal of expanding the study of HPBs to a global scale, we chose to focus on the U.S., Europe, and Asia-Pacific region, based on the extent of HPB development and the rating systems in these regions as well as the dominance of these regions in the global construction market. In particular, China is emerging as a major contributor to global building construction and energy consumption.
The HPBs in this study met the following criteria. [35] and China Green Buildings [36] Thanks to our partners, Shenzhen Institute of Building Research co. ltd (IBR), the California State Teachers' Retirement System (CalSTRS), and Tsinghua University, energy end-use breakdowns for some HPBs were available for detailed performance analysis and benchmarking.
HPB certification is a good criterion for classifying buildings enabled us to narrow the scope of our research. We selected buildings with the highest ratings from the following seven rating systems:
• LEED-NC Gold and Platinum (U.S., China, India, and other countries) • BREEAM Excellent and Outstanding (UK)
• Three-Star Green Building Certification (China) We chose buildings with the highest ratings even though, as we have outlined earlier, the common perception that higher levels of building certification indicate better energy performance has been shown to be incorrect. We chose highly rated buildings precisely because we wanted to understand the differences in driving factors influencing the energy performance of buildings that had been given high levels of certification.
Using the criteria listed above, we selected 51 HPBs for this study. Figure 3 shows the geographic distribution of the buildings. We compiled information about the buildings into a database, including total floor area, EUI, climate zone, and efficient technologies. We studied global and regional EUI profiles to establish the current range of energy performance in HPBs. 
Analysis methods
We used two methods to answer the questions raised in the introduction to this article. Portfolio analysis was used to examine the holistic profile of the buildings' energy performance as well as factors influencing energy consumption: climate, building size, and installed technologies. Benchmarks were used to determine building performance compared to U.S. existing commercial buildings as well as ASHRAE Standard 90.1 energy targets. According to the International Energy Agency (IEA) Energy Conservation in Buildings and Community Systems Annex 53, Total energy use in buildings -assessment and analysis methods [37] , energy performance of buildings is driven by six factors: climate, building envelope, building equipment (energy service systems), O&M, occupant behavior, and indoor environmental conditions, as shown in Figure 4 . We designed group comparisons to reveal the relationship between building energy performance and these factors. We performed detailed analysis of two individual buildings, based on measured performance data and on-site surveys and interviews with building operators and occupants, to understand the influence of occupant behavior and O&M on energy use. 
Portfolio analysis of energy consumption and driving factors
The subsections below describe our analysis of energy consumption and its driving factors in the 51 highperforming office buildings. Figure 5 presents an overall picture of energy performance of the 51 study buildings by showing the EUIs from lowest to highest. Each colored bar represents the EUI of an individual building, and bars are color coded based on each building's location to indicate the regional distribution. Four horizontal lines represent four benchmark EUIs: (1) the average EUI of the office buildings in the 2003 CBECS database [38] , (2) , by a factor of as much as 11. This scattering of EUIs indicates that even though the buildings are all of the same type (office) and have similar certification, their energy performance varies substantially. Most HPBs in this study showed better energy performance than the average and median EUI of office buildings in the 2003 CBECS database. However, four buildings performed worse than the median. Therefore, we conclude that an overall high performance rating of a building does not directly correlate to low energy use.
Variation in energy performance
The median EUI in the data set is 145.7 kWh/m 2 , which is slightly lower than the ASHSRAE 90.1-2004 energy target of 146.6 kWh/m 2 . This means that, in our data set, only 50% of the buildings meet a relatively outdated target, the 2004 ASHRAE standard. When we compare the buildings' performance to a more aggressive goal, the ASHRAE 90.1-2010 energy target of 109.7 kWh/m 2 , the compliance rate drops sharply to 30%. This statistic indicates that most HPBs exhibit relatively poor actual energy performance and suggests that more emphasis should be placed on the actual energy use of HPBs to ensure actual energy savings. For example, importance of actual energy performance should be emphasized in the next generation of rating systems and regulations or codes for HPBs, such as LEED for Existing Building Operation & Maintenance (EBOM) [42] .
To investigate variations in EUI by country, we grouped the 51 study buildings into three geographic subcategories: the U.S., Europe, China, and the Asia-Pacific region. Table 1 . The median EUI of the buildings from all three regions is very close to the ASHRAE 90.1-2004 energy target, which implies that in all three regions, only 50% of HPBs met the ASHRAE target. The average and median EUIs in Table 1 show that the overall performance of buildings is very similar in all three regions. Therefore, we conclude that no particular region or country has HPBs with consistently better energy performance. The combination of widely scattered EUIs and 50% of buildings falling below the 2004 ASHRAE target indicates that the challenge of guaranteeing that HPBs achieve their designed energy performance is global. To achieve this goal, we must understand the factors that drive the energy performance of HPBs. The analyses in the subsequent sections of this article are designed to identify these factors. 
Impact of climate
There is consensus that climate has a significant impact on building energy consumption. Therefore, we investigated the relationship of climate to the EUIs of our study buildings. Climate is typically treated as an independent parameter in regressions of energy performance using heating and cooling degree days [43] . Abundant weather data are needed to quantitatively analyze the impact of climate on energy consumption. Because weather data were lacking for the 51 buildings in this study, we simply categorized EUI data according to the buildings' climate zones as defined in ASHRAE Standard 90.1. This method was also used in the NBI report [19] . Following the approach used in the NBI report, we grouped the climates of the 51 buildings into four types. Figure 9 shows the interquartile box and the scattering range of the EUIs based on that classification. The X-axis in Figure 9 represents four climate types: warm-hot, mixed, cool, and cold. The corresponding ASHRAE climate code is listed below each zone, along with the range of floor area in each climate zone. The red bar in the interquartile boxes denotes the median value, and the colored arrow points out the average value of every corresponding group of buildings. The ASHRAE 90.1-2004 target (EUI of 146.6 kWh/m 2 ) is indicated as a horizontal green dashed line for benchmarking purposes. As noted above, scattered EUI values are found in all of the climate zones. From the mixed zone to the cold zone, no more than 50% of the HPBs performed better than the ASHRAE 90.1-2004 target. The EUIs of the poorly performing buildings increase the average EUI value for each zone. As a result of the scattered EUI values and large numbers of buildings that fall short of the ASHRAE target, the overall energy performance in the mixed, cool, and cold zones is worrisome, as shown in Figure 9 . And given the large spread of EUIs in every climate zone, we conclude that even if all study buildings were located in the same climate, they would exhibit significantly different energy performance, which means that factors other than climate are driving the variation in performance.
Although median EUIs appear to increase from the hot to cool to cold climate, this is simply a result of our use of site energy use as the performance metric. Site energy reflects cumulative energy consumption from various sources including electricity, natural gas, and other fuels used for space or water heating. When primary or source energy is used as the performance metric, electricity typically carries a much higher (approximately 3) factor in the calculation of source energy, which would reverse the trend of buildings in hot climates exhibiting higher EUIs.
Impact of building size
It is commonly assumed that large buildings inherently consume more energy than small ones. To investigate this assumption, we plotted the correlation between floor area and EUI, as shown in Figure 10 . Figure 10 shows that the correlation between a building's site EUI and its total floor area is very weak. Among the 51 buildings we studied, the Pearson correlation coefficient between the EUI and floor area is 0.32, indicating no clear or strong evidence that small buildings will consume less energy than larger ones. However, the small building group has a higher proportion of buildings with relatively lower EUIs than does the large building group. With regard to this trend and the definition of what constitutes a "small" building, Table 2 shows the five categories of floor area and three EUI bands into which we divided our study buildings as well as the proportion of EUIs within each category. The criteria for the floor-area categories and the EUI bands were established by referencing the NBI report. Table 2 , it appears that buildings smaller than 5,000 m The above holistic view of EUI distribution based on building size shows a general trend that small buildings are more likely to have low EUIs, and large buildings have higher EUIs than small buildings. The function and operation of small buildings are usually simple; small office buildings are typically dominated by offices and meeting rooms, and work schedules in these buildings are typically regular, e.g., 8 hours per day and 5 days per week, which means that energy-consuming equipment is not used at night. In contrast, large buildings are often headquarters or multi-functional complexes in metropolises and may contain large data centers, which are energy intensive and operate continuously. The operating hours of these buildings are usually extended, and most of the fundamental equipment functions during operating hours, which increases energy consumption compared to buildings where most equipment does not function during off hours. Therefore, it is reasonable to assume that large buildings will likely consume more energy than smaller ones. However, it is noteworthy that this is only a general pattern. Some individual large buildings have EUIs lower than 100 kWh/m 2 . This suggests that it is still possible for a large building to be energy efficient if deliberately designed and operated with this goal in mind.
Impact of building technologies
The subsections below analyze the relationship of building technologies to energy use alone and in relation to climate and building size.
EUI in relation to building technologies
In the design of HPBs, much attention is usually paid to "high-performance technologies," such as efficient lighting systems and envelope and heating, ventilation, and air-conditioning (HVAC) efficiency measures. Many assume that these technologies are the crucial factors that determine the building's energy performance. Advocates of high-performance technologies argue that the main contributor to a building's energy use is energy consumed by building equipment, so the key to saving energy must be improving equipment efficiency. From this perspective, it appears natural to assume that technologies that maximize equipment efficiency will determine energy savings.
To investigate the above assumptions, we collected data on building technologies and actual building energy consumption. Table 3 shows the technologies installed in each building along with the site EUI. The "Y" in each colored cell stands for "Yes". Buildings are ordered by their EUIs from low to high. All information about technologies was classified into three major categories and sub-classes, as follows:
• Lighting-related technologies: use of daylight, high-efficiency lighting systems, lighting control strategies (e.g., occupancy control, dimming control)
• Envelope technologies: insulation improvement, glazing improvement, and shading technologies • HVAC technologies related to space cooling and heating: natural ventilation, night purge, underfloor air distribution (UFAD), chilled beam, high-efficiency equipment, and ground-source heat pumps. Table 3 shows the percentage of buildings in our study group in which each technology is installed. As shown in Table 3 , the three energy-efficient technologies most commonly installed in HPBs are daylighting (76.5%), high-efficiency HVAC systems (64.7%), and improved envelopes (62.7%). These technologies are found in buildings with EUIs ranging from low to high. The percentage of buildings containing these three technologies indicates their broad applicability and suitability. However, the widespread deployment of the three technologies, in combination with the widely varying EUIs of the buildings in which they are installed, also unfortunately suggests that there is no direct relationship between the presence of these technologies and building energy use. Given that these technologies appear to be standard in newly constructed HPBs, we suggest that designing and operating the technologies more deliberately that is currently done might be necessary to realize their energy-saving potential. Table 4 shows the study buildings divided into three groups according to EUI, with the percentage of buildings having each technology calculated separately to determine whether any single technology is linked to low energy use. The EUI ranges are the same as in Table 2 As highlighted in red in Table 4 , some technologies -high-efficiency lighting systems, lighting control technology, and ground-source heat pumps -appear to have a somewhat positive correlation to low site EUI. Where the percentages of these three technologies are high, the EUIs are low. This correlation suggests the possibility that these measures might be responsible for or contribute strongly to low energy consumption in buildings. However, in the corresponding columns for these three technologies in Table 3 , some buildings that have these three technologies use more energy than other buildings that do not have them. So, overall, the application percentages show a wide range of scatter for all the technologies, and it is challenging to pick out a group of technologies that only appear in buildings with low EUIs. We conclude that a higher application rate for some technologies only indicates that those technologies are widely used in HPBs but does not correlate with actual energy use.
The scatter in the results above as well as the discrepancies among EUIs of buildings sharing similar technology configurations suggests that stacking or simply adding more technologies to a building does not lead to low energy use. Integrated design and operation are likely key to integrating all the technologies in a building to achieve designed energy performance.
Climate vs. Technologies
It is widely recognized that the suitability and performance of some technologies depend heavily on the climate. We looked at the application and performance of technologies in different climate zones to analyze the influence of climate on building performance.
For each building in our study, we collected all information relative to efficient technologies, EUI, and climate zone into a matrix, shown in Table 5 . We used the same four climates as described in Section 3.2, and EUIs were sorted from minimum to maximum in each climate zone. Table 5 clearly shows the relationship between technology and energy performance. In Table 5 we see that daylighting, envelope improvements, and high-efficiency equipment are the dominant efficiency technologies in all climates. In addition, buildings in the warm and hot as well as mixed zone tend to employ more lighting-related measures. In conjunction with the wide application of daylighting in buildings in these zones, this trend could be attributed partly to abundant sunshine in these climates. Additionally, with no need for space heating in these two climate zones, lighting is relatively dominant in building energy profiles. This means lighting-related technologies are important for saving energy in buildings in these climates. Therefore, a high rate of application of lighting-related technologies is expected in these zones.
Diurnal natural ventilation, as a common passive approach to offset the energy needed to cool the indoor environment, is widely applied in all climate zones. In the warm and hot zone, because of high energy consumption for space cooling, natural ventilation is usually the first and most basic strategy employed in an HPB. Therefore, it is not surprising that 63.2% of buildings in the warm and hot climate use natural ventilation. For the cool and cold zones, air temperature is very beneficial resource for space cooling. Because there are few or no cooling loads in these areas, natural ventilation can sometimes meet a building's entire space cooling requirement without the need for any energy-driven cooling strategies. Therefore, it is reasonable that 50% of buildings in the cool and cold zones have natural ventilation.
In the renewable energy category, solar photovoltaic (PV) technology is common in buildings in all regions, indicating wide acceptance of PV in the field of HPB design. Thermal solar, which requires a minimum level of solar radiation, is more common in the warm and hot as well as mixed zones. The relatively low percentage of wind turbines suggests barriers to widespread adoption of this technology. Overall in the renewable energy category, solar PV appears to be the first choice. A noteworthy observation about renewable energy technologies is that their application is concentrated in low-EUI buildings in the warm and hot zone. It is conceivable that buildings with low EUIs are more likely to achieve net-zero energy, with deployment of small scale renewable energy technology.
Building size in relation to Technologies
As indicated in Section 3.3, a building's floor area was implicitly linked to energy consumption, especially in buildings smaller than 5,000 m 2 . We explored the correlations between building size and use of technologies in an effort to uncover the reason for that link. Table 6 shows the percentage of study buildings containing each technology in the five categories of building size that we established.
Table 6. Technology application ratio in relation to building size
It is not surprising to see, in Table 6 , that the top three technologies identified previously (daylighting, envelope improvements, and efficient HVAC equipment) are widespread in buildings of all sizes. In small buildings (floor area less than 5,000 m 2 ), we can see that three additional technologies are frequently found: high-efficiency lighting, lighting controls, and natural ventilation. Among lighting technologies, in addition to the prevailing use of daylighting, high-efficiency lighting systems and lighting controls are widely deployed. Small buildings usually have relatively larger perimeter areas compared to those of large buildings with deep floor plans. Lighting needs in perimeter-area workspaces can usually be met with daylighting during the daytime. Therefore, the combination of daylighting and well-designed artificial lighting for nighttime hours can contribute significantly to total energy savings in these buildings. In addition, the simple structure and shallow depth of small buildings make the application and control of natural ventilation feasible for replacing or reducing the need for mechanical space cooling. This is the primary reason for the popularity of natural ventilation in small buildings.
Renewable-energy technologies are also widely applied in small buildings, 46.7% and 66.7%, for solar thermal and solar PV, respectively. The high percentage of low EUIs in the group of small buildings along with the extensive application of renewable energy appear to give small buildings high potential to use net-zero energy, and, as noted in [4] , small buildings are prevalent in the current portfolio of net-zero energy buildings. Practically speaking, it is much easier for small buildings located on spacious sites to install renewable-energy technologies. However, deployment of renewable energy technologies in large buildings should not be neglected even though it might be constrained by the complexity of the structure of large buildings as well as the dense development of the sites on which they are located. The data show that some renewable energy technologies are deployed in large buildings even if at relatively small scales. In general, although the deployment of renewable energy is more extensive in small buildings, the application of these technologies is not necessarily linked to building size.
Discussion
Although the selected 51 buildings are all office type buildings, their functions can be diverse. Large buildings tend to have more equipment and complex uses, e.g. data centers and mixed-use spaces, which complicates their energy use profiles. Only two buildings in our study have the detailed data on the functionality, so excluding the special function-related energy use before calculating the EUI for comparison is not possible. This is a good topic for future research assuming more detailed data are available.
There are other influencing factors, such as number of occupants and operation hours, that can affect the energy performance of buildings. Due to the lack of such information for the 51 buildings, no analysis is done to look at the impact of these factors. This is another area for future research.
More detailed and accurate benchmarking tools are available to compare energy use of buildings, but they require much more data which are not readily available for the 51 studied buildings. For example, the US EPA Energy Star Portfolio Manager, the most widely acknowledged benchmarking system, needs as many as 27 types of physical characteristics of a building in order to normalize the EUI for a more impartial peer comparison [44, 45] .
Recalling the initial target and the five questions raised in the first section, however, we would like to explore the explicit relationship between the factors we studied and the actual EUI, rather than looking at the normalized EUI for benchmarking. This would be more constructive and helpful for the design and operation of a HPB.
The functional characteristics, such as the occupant density and the operation hours, are deemed to have significant effect on energy use. The analysis on the building size in section 3.3 also implied so. In fact, they are more than simply design criteria to meet. In the actual design and operation, design team may sometimes actively take these two factors into account to motivate occupant's positive energy behavior and better operation strategies in buildings. In light of this, it is meaningful to investigate them in the context of design and operation to improve the understanding of HPB.
Detailed analysis of building performance
As described in Section 1, building energy performance is affected by not only climate, building size, and efficient technologies but also by human behavior and building O&M, which can have significant influence. Because research on occupant behavior and O&M requires detailed information about energy use as well as occupant activities and building operations, we analyzed the influence of these two factors for only two of our 51 buildings for which we had detailed energy use and operations records. The case buildings are the headquarters of the Institute of Building Research (IBR) in Shenzhen, China and the headquarters of California State Teachers' Retirement System (CalSTRS) in Sacramento, California, USA.
Shenzhen Institute of Building Research Headquarters
The Shenzhen IBR building was designed and constructed as a high-performance demonstration building. Shenzhen IBR, an innovative architecture corporation, used the design of its new headquarters building as an opportunity to explore HPB design and operational approaches. After analyzing more than 100 sustainable technologies and strategies, IBR incorporated 40, delivering a building that stands out as exemplary in the field of HPBs.
The 12-story IBR building is located in Shenzhen, a coastal city located in Southern China between Guangzhou and Hong Kong. The building is approximately 45 meters tall and 30 meters deep with a total floor area of approximately 20,000 m 2 (215,278 ft 2 ). The building accommodates 350 to 450 occupants. According to the ASHRAE climate zones, Shenzhen is in a subtropical climate with monthly average dry-bulb temperature ranging between 14.9 ⁰C and 28.6 ⁰C. A noteworthy characteristic of the climate is that winter temperatures are, on average, greater than 12 ⁰C; therefore, space heating is not required by code. Research reports that residents in this area tend to open windows for fresh air in winter [46] . The Shenzhen IBR building was first occupied in 2008, and more than two years' of measured energy use data were available as of October, 2012 [46, 47] .
The aggregate site EUI of the IBR building from November, 2011 to October, 2012 was 57.3 kWh/m 2 [46] . In Figure 5 , the IBR building's EUI is the seventh lowest among the study buildings. Diamond et al.'s study of the IBR building [47] established an energy performance benchmark based 57 large Shenzhen office buildings whose function, operating hours, and occupant density were similar to those of the IBR building. The IBR headquarters' energy performance was one of the lowest compared to this benchmark. Figure 11 (a) shows that the major end uses in the IBR building are lighting, plugs, and air conditioning. The IBR building's design and operation extensively leverage the benefits of natural ventilation and daylighting to reduce the use of mechanical cooling and artificial lighting. The design team took occupant behavior and local cultural habits into account. People in Shenzhen place high value on fresh air and have a relatively broader indoor thermal acceptable range than is typical. In response to this, the designers left all control of the IBR building's windows to the discretion of occupants. In addition, high-inertia thermal mass and solar shading systems were designed to shield the building from solar gain and to capture night cooling. The floor plan allows adequate natural ventilation during regular office hours. Space cooling is provided by mechanical air conditioning (AC) and natural ventilation (NV), depending on the time of the year. AC can be used to provide cooling from April 22 to October 21; during the remainder of the year, the building relies on NV only. During the AC period, AC is only on from 8 am to 6 pm on weekdays when the forecast daily maximum temperature is higher than 27 ⁰C. Otherwise, the building manager turns off the AC and relies on natural ventilation. During the NV portion of the year, the only AC used during regular operations is via split units for the information technology portion of the building and for some special-function rooms. During the period from November, 2011 to October, 2012, the mechanical cooling ran for a total of 108 days [46] whereas in typical office buildings in Shenzhen during the same period, mechanical cooling ran for 140 days. Looking at the monthly breakdowns of energy use in the IBR building and in peer building A, shown in Figure 12 , we see that the majority of the AC energy consumption in the IBR building was from May to October while peer building A shows significant AC energy use from April to October. Quantitatively, the annual site EUI of the AC in the IBR building is 15.5 kWh/m 2 compared to 21.9 kWh/m 2 in peer building A, indicating that the use of NV in the IBR building helped reduce space cooling energy use. The monthly breakdown shows that the largest part of the IBR building's energy savings is in the category of lighting and plugs. To reduce energy consumed by artificial lighting and plug loads, which usually account for the largest portion of energy use in office buildings, the IBR building took full advantage of energy-saving occupant behaviors. All artificial lighting was designed to be manually controlled by building staff. In work areas, task lights can be operated independently for each row of desks. Because all workspaces are located in the building's perimeter zones and have sufficient daylighting, the IBR staff is encouraged to turn lights on only when necessary and to turn them off when not in use. Staff was also trained to use lighting in the building's public areas as little as possible. All these efforts reduced lighting energy use significantly in the IBR headquarters compared to lighting energy use in comparable buildings. Figure 13 illustrates an on-site investigation of artificial lighting use in a 720-m 2 office space of the IBR Building during work hours of a fiveday week in April, 2012. The weather conditions during this investigation were mostly cloudy and rainy. Nonetheless, we pinpointed periods of low lighting use. The red circles indicate lunch times when staff deliberately switched off most lights; these are the periods of lowest lighting energy use during each day. After lunch, the lighting energy use did not show a sharp rise but instead gradually increased with the time until the peak from 4 to 6 pm. On some days, like Thursday and Friday, the lighting energy use continued to go down even after lunch time. This trend implies that daylighting was indeed replacing artificial lighting during regular working hours, even during cloudy conditions. Furthermore, the total wattage used over the course of investigation never exceeded 70% of the total installed wattage even on cloudy days. The IBR building demonstrates that effective integration of occupant behavior in building design and operation and use of natural ventilation and daylighting to replace mechanical cooling and artificial lighting can save significant energy in office buildings.
California State Teachers' Retirement System Headquarters
The Headquarters of the California State Teachers' Retirement System (CalSTRS), is an 18-story, Class A office building in Sacramento, California. Constructed in 2009, the CalSTRS building comprises a 13-floor office tower atop five floors of cafés, parking, and public access areas. The five floors of parking, etc. are about 4,273 m 2 , and the tower is 29,728 m 2 , for a total occupied floor area of 34,373 m 2 . Aside from the regular office space, CalSTRS headquarters houses a 408-m 2 data center on the fourth floor, equipped with a computer room air condition, uninterruptible power supply, and data servers.
CalSTRS, which owns and operates its headquarters building, did not set an ambitious green building goal at the outset; initially, the design team was required to achieve only LEED-NC Silver Certification. But by prioritizing occupant satisfaction and good O&M practices, the CalSTRS building managed to obtain LEED-NC Gold certification, LEED-EBOM Platinum certification, and high scores of 94 (in 2011) and 92 (in 2012) in the EnergyStar rating system, for its excellent post-occupancy performance [48, 49] .
The site EUI in the first year of occupancy was 198 kWh/m 2 . Excluding the energy use for the public service areas, the office tower has an EUI of 142 kWh/m 2 based on data from March, 2012 to February, 2013. Figure 14 shows that the CalSTRS building's energy-intensive data center accounts for nearly half of the total energy consumption of the building. However, the CalSTRS building is 12% more efficient than its peer buildings in the California Commercial End-Use Survey (CEUS) building stock.
1 Specifically, the CalSTRS building's HVAC energy use is approximately half that of the average CEUS building [50] . CalSTRS headquarters' outstanding energy performance is a result of high-quality integrated design combined with good building O&M practices. The building does not actually have more building technologies deployed. Highlights of energy-saving technologies and design strategies are: maximum daylighting, dimmable artificial lighting control system, UFAD with occupant-adjustable diffusers, water-source heat pump for cooling and heating of the public areas, and two chillers with variable-speed compressors for the office tower. The building's configuration does not stand out from that of other comparable buildings (see row 25 of Table 3 , EUI of 141.9 kWh/m 2 ). However, the highly integrated design, which is partly a result of the fact that the building is owner occupied, sets it apart from the others and accounts for the energy performance. Coordinated by a sustainable consulting firm, the design team included all major project stakeholders: owner/developer, architect, engineer, landscape architect, contractor, and operations team. The design team valued occupant behavior, postoccupancy operations, and maintenance as important elements of their sustainable design. From the very beginning, the occupants' preferences and building operator's advice were extensively considered and incorporated into the design process. Input from the occupants and building operator gave the design team the opportunity to resolve many accessibility and functionality issues that could have hindered O&M. Moreover, the sustainable consulting firm assumed the role of commissioning agent for the building, and a thorough commissioning was completed in early 2011. The building has a computer-based maintenance and management system as part of service by Facility 360. Preventive and scheduled maintenance ensure reliable operation of building systems. Other recent initiatives to increase energy savings include:
• Automating the west shaft supply air damper to direct the main air supply to load areas • Resetting the main air-handling unit pressure set point • Resetting the chilled water supply temperature • Resetting the under-floor air damper set points • Adjusting fan terminal unit airflow set points to match local load conditions • Modifying cooling tower operation on cooler days to minimize fan power The CalSTRS building case study demonstrates that integrated design and best practices in building O&M are critical elements in successful low-energy buildings.
Summary and Conclusions
Our portfolio analysis and case studies revealed that actual energy use in U.S., EU, and China-Pacific region office buildings that are certified as high performing varies significantly, and nearly half of the buildings fell short of the ASHRAE Standard 90.1-2004 energy target. Thus, looking at average performance masks the reality that a large number of HPBs are falling short of their energy-saving potential. Our results indicate that certifications of HPBs do not necessarily correspond to actual energy performance and raise questions about the current practice of using simulated rather than actual performance as the basis for certifications. The global scope of our study along with the fact that no specific region or country demonstrated consistently betterperforming HPBs suggests that ensuring the actual energy-saving performance of HPBs is a global challenge.
Our analysis of the influence of climate, building size, efficient technologies, occupant behavior, and O&M in HPBs indicates that no single factor is decisive in determining a building's actual energy performance and that increasing the number of efficient technologies does not improve energy performance. However, occupant behavior and O&M can play significant positive roles in realizing building energy savings.
Energy performance of buildings can be driven by other factors, such as the operation hours, the number of occupants and the building functions (space use type: mixed use, data centers, commercial cooking). Unfortunately such information is only available for a very limited number of the selected buildings, so any impact analysis of these factors is not possible in this study. However it is a good topic for future building performance studies.
Our conclusion that no single factor determines building energy performance means that the exact factors that drive building energy use remain obscure; therefore, strategies for saving energy should take account of all elements that might affect actual energy use in a particular building. For example, climate may affect cooling and heating loads, use of daylighting, and design and operation of natural ventilation; the arrangement of the building's functions and the behavior of its occupants may influence the building's operational schedule and thus the energy use; the presence of high-efficiency equipment and the employment of good O&M practices will directly reduce the building's energy use. An integrated design approach that takes account of all of the above factors offers the greatest potential for producing a building whose actual performance is energy efficient. The findings of our study should help architects, engineers, operators, and policy makers to improve the design and operation of HPBs as well as the degree to which rating HPB rating systems accurately reflect actual building performance.
